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Introduction {#sec1-1}
============

Pectoralis muscle area (PMA) is a computed tomography (CT)-based assessment easily obtained from evaluation of patients with interstitial lung disease (ILD). PMA may provide insight into clinical features of other skeletal muscles. Accordingly, PMA recently shown association with more severe disease ([@ref1]), diminished exercise capacity, respiratory muscle force, and mortality in chronic obstructive pulmonary disease (COPD) ([@ref2]).

Exercise intolerance and dyspnea are cardinal symptoms of ILD. Reduced exercise capacity is multifactorial, but restrictive pulmonary mechanics, severe gas-exchange derangements and intolerable exertional symptoms are often considered the primary mechanisms ([@ref3]). Although respiratory ([@ref4]-[@ref7]) and locomotor muscle ([@ref7]-[@ref12]) dysfunction has been increasingly recognized, its contribution to exercise limitation in ILD has been controversial. Impaired exercise capacity was reported to be related to respiratory muscle dysfunction ([@ref5], [@ref11]) or quadriceps weakness ([@ref7], [@ref8]), while other studies did not identify such relationships ([@ref10], [@ref13]).Additionally, expiratory muscle fatigue was observed and correlated with peak exercise capacity in ILD patients, which was not observed with inspiratory muscle strength ([@ref14]). Finally, whether quadriceps fatigue occurs following exercise or contributes to exercise capacity in ILD is unknown.

Therefore, we reasoned that PMA could be associated with strength of other skeletal muscles in patients with ILD. We further considered that skeletal muscle force would be reduced in these patients and related to exercise capacity and dyspnea. Therefore, we also aimed to investigate if skeletal muscle function (strength and fatigue) is compromised and independently related to those clinical outcomes.

Method {#sec1-2}
======

Design {#sec2-1}
------

Cross-sectional study approved by Institutional Research Ethics Committee performed from April 2014 to October 2015. All patients signed written informed consent. Maximal inspiratory pressure (MIP), maximal expiratory pressure (MEP), and quadriceps maximal voluntary contraction (qMVC) were performed before and 3-15 minutes after maximal cardiopulmonary exercise testing (CPET).

Participants {#sec2-2}
------------

Patients were recruited from a specialized ILD clinic. Clinically stable patients with a diagnosis of fibrotic ILD and free from other disorders that could interfere with exercise performance were invited to participate. Exclusion criteria include home oxygen therapy or any clinical features suggesting myopathy (abnormal muscle enzymes, muscle pain or fatigue). Healthy controls were recruited from the community by invitation. The specific diagnosis of ILD was established by consensus among two pulmonologists and one experienced thorax radiologist based on clinical features, thorax CT and, in some cases, lung biopsy ([@ref15], [@ref16]).

Study procedures {#sec2-3}
----------------

### Lung function {#sec3-1}

Spirometry, plethysmographic lung volumes and single breathe lung diffusing capacity for carbon monoxide (DL~CO~) were measured with an automated system(Jaeger®, Wüerzburg, Germany) and obtained from medical records of the routine clinical assistance of the patients.

Pectoralis muscle area (PMA) {#sec2-4}
----------------------------

Quantitative CT assessment of PMA was performed on the first axial image above the aortic arch. The left and right pectoralis major and minor muscles were manually identified using a predefined attenuation range of -50 and 90 HU (although modifications were allowed when excluded muscle regions were identified) and measures of area were performed for each subject. PMA was presented as the aggregate area (in cm^2^) of the right and left pectoralis major and minor muscles ([@ref1]).

Respiratory muscle dtrength {#sec2-5}
---------------------------

MIP and MEP were measured in sitting position with a pressure transducer (MVD-300®, Globalmed, Porto Alegre, Brazil) at residual volume and total lung capacity, respectively. At least five measurements were performed and the highest values (peak values) were recorded with a difference lower than 10% between the two highest values. Measurements were presented in absolute (cmH~2~O) and percentage of predicted value ([@ref17]).

Quadriceps strength {#sec2-6}
-------------------

qMVC was measured during bilateral isometric contractions with a load cell (BTS-200kg®, Weightech, São Paulo, Brazil) attached to a fixed knee extension chair (NT-840®, Buik, Rio de Janeiro, Brazil). Measurements were presented in absolute (Kg) and percentage of predicted values, adjusted for (Nm)([@ref18]) and adapted to unilateral contraction ([@ref19]). The knee joint was aligned with the axis of rotation. After familiarization with the procedure and a practice trial, the subjects were instructed to increase force in 1s and held the maximal force during approximately 5 s while the investigators provided strong verbal encouragement ([@ref20], [@ref21]). Three to four trials were performed with at least 3 min of rest between trials. The peak force was recorded as the measure of MVC (Kg) with a difference lower than 10% between the two highest values.

Cardiopulmonary exercise testing {#sec2-7}
--------------------------------

Incremental CPET (5-10 w/min) were performed on cycle ergometer (Ergoline-900®, Jaeger, Wüerzburg, Germany) using a breath-by-breath metabolic system (Oxycon Pro®, Jaeger). Dyspnea was obtained every 2 min during exercise ([@ref22]). To adjust for different exercise capacities and peak ventilation, dyspnea at peak exercise was divided by peak ventilation ([@ref23]). Peak aerobic capacity was presented as absolute and percent predicted values ([@ref24]).

Pedaling rates were maintained \~60 revolutions per minute. Oxyhemoglobin saturation (SpO~2~) was measured by pulse oximetry (Takaoka Oxicap®, São Paulo, Brazil). Maximum voluntary ventilation (MVV) was estimated as 37.5 x forced expiratory volume in the first second (FEV~1~) ([@ref25]).

Statistical analysis {#sec2-8}
--------------------

Baseline characteristic were compared with Student t test or Mann-Whitney test. Values before and after exercise were compared using generalized estimating equation. Pearson or Spearman correlation coefficients were used for correlation analyzes. The reproducibility of muscle strength measurements was evaluated with coefficient of variation (CV; standard deviation/mean).

Skeletal muscle variables to predict peak aerobic capacity (p$\overset{.}{\text{V}}$O~2~) (% predicted) and exercise dyspnea (peak Borg dyspnea/peak ventilation) were analyzed in a multivariate linear regression model adjusted for forced vital capacity (FVC) and DL~CO~ (both % predicted).

Twenty-three patients would be necessary to detect a moderate association (r=0.50) between primary outcomes with a statistical power of 80%. In addition, the inclusion of 27 patients and 14 controls were estimated to detect a difference in maximal expiratory pressure of 20 cmH~2~O (SD\~20) between groups as previously described ([@ref11], [@ref14]). With an error type I and II of 5 and 20%, respectively.

The probability of a type I error was set at 5%. Data were analyzed using SPSS®V18.0; Chicago, IL).

Results {#sec1-3}
=======

Thirty patients with ILD and 15 control subjects took part in the study. ILD sub-diagnosis included 6 patients with idiopathic pulmonary fibrosis, 10 with nonspecific interstitial pneumonia (NSIP) (without a recognizable potential causes, e.g. connective tissue disease \[CTD\] or drug exposure), 7 with fibrotic hypersensitivity pneumonitis (HP), 6 with associated CTD (4 with rheumatoid arthritis, one with systemic sclerosis and another with undifferentiated CTD) and one with lymphocytic interstitial pneumonia (LIP). Four patients with associated CTD, 4 with NSIP, and 3 with HP were receiving oral prednisone (10-20 mg/day) plus a second immunosuppressive drug (azathioprine; 50-100 mg/day) at the time of study procedures. There was no significant difference in muscle strength comparing patients with and without current use of immunosuppressive therapy.

The majority of patients (24/30; 74%) had restrictive ventilatory pattern as evidenced by reduced TLC (\<80% of predicted). On average, patients presented a mild reduction in total lung capacity (TLC) and exercise capacity, with a severe reduction in DL~CO~. Baseline characteristics of subjects are given in [tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}. The CV for MIP, MEP and qMVC were 7.6%±0.6%, 7.3%±0.9% and 8.2%±0.8%, respectively.

###### 

Baseline characteristics of patients and controls

  Variables                                    Patients (N=30)     Controls (N=15)
  -------------------------------------------- ------------------- ----------------------
  Male sex, n° (%)                             14 (46.7%)          7 (46.7%)
  Age, years                                   61.7±8.7            60.2±7.9
  Weight, Kg                                   72.3±13.5           67.2±11.4
  Height, cm                                   160±8               161±6
  BMI, Kg/m^2^                                 28.1±4.2            25.5±3.2\*
  mMRC Scale                                   2.5 (1-4)           0 (0-0)\*
  **Resting Lung Function**                                        
  FEV1, L (%pred)                              1.62±0.37 (62±15)   2.85±0.63 (102±13)\*
  FEV ~1~ post BD, L (%pred)                   1.61±0.39 (62±14)   \-
  FVC, L (%pred)                               2.04±0.59 (60±15)   3.67±0.73 (104±12)\*
  FVC post BD, L (%pred)                       1.92±0.48 (59±15)   \-
  FEV1/FVC, %                                  81±1                77±1
  FEV1/FVC post BD, %                          85±0.7              \-
  TLC, L (%pred)                               3.70±0.58 (71±15)   \-
  FRC, L (%pred)                               2.31±0.49 (81±22)   \-
  RV, L (%pred)                                1.77±0.46 (92±30)   \-
  IC, L (%pred)                                1.32±0.35 (52±15)   2.44±0.57 (88±14)\*
  DL~[co]{.smallcaps}~, mmol/min/kPa (%pred)   2.93±0.8 (38±10)    \-
  MIP, cmH2O (%pred)                           81±25 (87±24)       109±36 (106±33)\*
  MEP, cmH2O (%pred)                           94±32 (98±23)       107±40 (111±30)
  SpO2, %                                      96±2                98±1
  **Muscle strength and size**                                     
  qMVC kg                                      21.8 (7.8-73.0)     42.5 (17.7-90.0)\*
  qMVC % pred                                  38.8 (22-97)        63.7 (31-145)\*
  PMA cm^2^                                    33.4±11.5           \-

Data are presented as mean±SD or median (range), unless otherwise stated.

Definition of abbreviations: BMI: body mass index; mMRC: modified medical research council; FEV~1~: forced expiratory volume in one second; %pred: % of predicted; BD: bronchodilator; FVC: forced vital capacity; TLC: total lung capacity; FRC: functional residual capacity; RV: residual volume; IC: Inspiratory capacity; DLCO: lung diffusing capacity for carbon monoxide; MIP: maximal inspiratory pressure; MEP: maximal expiratory pressure; SpO2: oxyhemoglobin saturation by pulse oximetry; qMVC: Quadriceps isometric maximal voluntary contraction; PMA: Pectoralis muscle area\* P\<0.05.

###### 

Measurements during incremental cardiopulmonary exercise testing

  Variables                                                 Patients (N=30)     Controls (N=15)
  --------------------------------------------------------- ------------------- ---------------------
  *Peak exercise*                                                               
  $\overset{.}{\text{V}}$O~2~, mL/min (% pred)              1088±277 (75±13)    1595±550 (110±19)\*
  $\overset{.}{\text{V}}$O~2~, mL/Kg/ min                   14.6±2.6            23.3±4.5\*
  $\overset{.}{\text{V}}$CO~2~, mL/min                      1138±334            1985±707\*
  $\overset{.}{\text{V}}$E L/min                            46.4±14.7           64.6±25.7\*
  VT, L                                                     1.02±0.24           1.82±0.47\*
  *f* breaths/ min                                          46±11               34±7\*
  $\overset{.}{\text{V}}$E/MW                               0.76±0.15           0.59±0.13\*
  Δ$\overset{.}{\text{V}}$E/Δ$\overset{.}{\text{V}}$CO~2~   38.5±9.8            27.8±3.1\*
  IC, L (% pred)                                            1.40±0.27 (55±13)   2.61±0.62 (95±13)\*
  ΔIC, L                                                    0.11 (-0.6-0.4)     0.19 (-0.08-0.5)
  HR, beats/min (% pred)                                    123±20 (76±11)      144±12 (103±28)\*
  O~2~ pulse, mL/beats                                      8.8±2.1             11.1±3.8
  Δ$\overset{.}{\text{V}}$O~2~/Δwork, mL/min/watts          9.7±3.5             9.4±1.7
  Peak workload, watts (%pred)                              49±18 (51±18)       109±35 (106±18)\*
  SpO~2~, %                                                 88±7                98±1\*
  ΔSpO~2~, %                                                -8.2±5.3            0.2±1.2\*
  Borg dyspnoea score                                       5.9 (1-10)          3.9 (1-10)\*
  Dyspnoea/$\overset{.}{\text{V}}$E, Borg/L/min             0.14 (0.01-0.30)    0.05 (0.01-0.20)\*
  Borg leg effort score                                     6.3 (1-10)          5.9 (1-10)
  Leg effort/$\overset{.}{\text{V}}$CO~2~, Borg/L/min       5.5 (1.9-12.7)      2.8 (0.3-7.3)\*
  *Anaerobic threshold*                                                         
  $\overset{.}{\text{V}}$O~2~, mL/min (% predicted)         771±173 (53±6)      1083±417 (74±19)\*

Data presented as means ± SÇ or median (range).

Definition of abbreviations: $\overset{.}{\text{V}}$O~2~: oxygen uptake; %pred: % of predicted $\overset{.}{\text{V}}$CO~2~: carbon dioxide output; $\overset{.}{\text{V}}$E: minute ventilation; VT: tidal volume; y=breathing frequency; MMV: maximum voluntary ventilation; IC: inspiratory capacity; ΔI& IC change from rest; HR: heart rate; SpO2: oxyhemoglobin saturation by pulse oximetry. \*P\<0.05

In patients, PMA was significantly associated with qMVC only ([Figure 1](#F1){ref-type="fig"}). Peak of $\overset{.}{\text{V}}$O~2~ significantly correlated just with MIP (pre and post exercise) but not with exercise changes (Δ; post-pre exercise) of any skeletal muscle strength assessed. In multivariate analysis, however, only FVC remained as independent predictor of p$\overset{.}{\text{V}}$O~2~ ([Table 3](#T3){ref-type="table"}). Exercise dyspnea was related with MIP and MEP post exercise. In multivariate regression analysis, MEP post exercise remained as independent predictor of peak exercise dyspnea even adjusting for FVC ([Table 4](#T4){ref-type="table"}).

![Relationship between pectoralis muscle area (PMA) and maximal respiratory and locomotor muscle force. Definition of abbreviations: see [Table 1](#T1){ref-type="table"}.](SVDLD-34-200-g001){#F1}

Patients presented lower values of MIP and qMVC compared to controls. Only expiratory muscles strength showed a significant decline after exercise, without difference between groups ([Figure 2](#F2){ref-type="fig"}). ΔMEP was not related with p$\overset{.}{\text{V}}$O~2~ or exercise dyspnea in both groups.

![Skeletal muscle force before and after maximal exercise testing in patients (▲) and healthy controls (■).\
Definition of abbreviations: see [Table 1](#T1){ref-type="table"}.\
\* P\<0.05 between groups in a given moment.\
† P\<0.05 intra-group.](SVDLD-34-200-g002){#F2}

###### 

Linear regression analyses to predict peak aerobic capacity in patients with ILD

  Variables                     Unstandardized coefficient   r value       p value
  ----------------------------- ---------------------------- ------------- ---------
  **Univariate model**                                                     
  FVC, %pred                    0.440                        0.51          0.005
  DL~[co]{.smallcaps}~, %pred   0.557                        0.45          0.039
  MIP pre exercise, %pred       0.212                        0.40          0.030
  MEP pre exercise, %pred       0.139                        0.25          0.174
  qMVC pre exercise, %pred      \- 16.228                    0.23          0.205
  PMA, cm^2^                    -0.393                       0.35          0.059
  **Multivariable model\***                                                
  FVC, %pred                    0.398                        \-\-\-\-\--   0.024
  DL~[co]{.smallcaps}~, %pred   \-\-\-\-\--                  \-\-\-\-\--   0.133

Definition of abbreviations: see Table 1.

\* Constant (intercept): 36.3; Coefficient of regression (R): 0.64

###### 

Linear regression analyses to predict peak exercise dyspnea (adjusted to peak exercise ventilation) in patients with ILD

  Variables                     Unstandardized coefficient   r value   p value
  ----------------------------- ---------------------------- --------- ---------
  **Univariate model**                                                 
  FVC, %pred                    -0.002                       0.49      0.005
  DL~[co]{.smallcaps}~, %pred   0.001                        0.04      0.836
  MIP post exercise, %pred      -0.001                       0.46      0.009
  MEP post exercise, %pred      -0.001                       0.37      0.045
  qMVC post exercise, %pred     0.039                        0.11      0.545
  PMA, cm^2^                    0.000                        0.05      0.773
  **Multivariable model\***                                            
  FVC, %pred                    -0.003                                 0.001
  MEP post exercise, %pred      -0.001                                 0.042

For abbreviations definitions see Table 1.

\* Constant (intercept): 0.390; Coefficient of regression (R): 0.72

Discussion {#sec1-4}
==========

In ILD patients, PMA was related to qMVC without significant relationship with MIP or MEP. Although qMVC and MIP were lower in ILD compared to controls, only MIP was correlated with p$\overset{.}{\text{V}}$O~2~. Nevertheless, when adjusted for other variables related with disease pathophysiology (FVC and DL~CO~), just FVC remained as predictor of p$\overset{.}{\text{V}}$O~2~. Only expiratory muscle fatigue was observed after exercise, but it was not associated with p$\overset{.}{\text{V}}$O~2~. Nevertheless, MEP post exercise was an independent predictor of exercise dyspnea even after adjusting for potential confounders.

The significant association between PMA and qMVC supports the potential usefulness of PMA to evaluate skeletal muscle function from other parts of the body. In contrast to previous reports ([@ref7], [@ref9]), qMVC was not related with exercise capacity, maybe due to the more severe disease of the patients in the present study (mean FVC: \~75 *vs* 60% predicted). Additionally, the assessment of trunk muscles based on PMA was related to strength of peripheral but not respiratory muscles. Hence, PMA seems not provide a comprehensive assessment of whole body muscle function in our patients.

Resting pulmonary function tests neither exclude nor quantify the extent of exercise limitation in ILD ([@ref26], [@ref27]). It raises the question if other alternative mechanisms could contribute to exercise intolerance. Patients with chronic lung disease are prone to peripheral muscle dysfunction resulting from deconditioning, systemic inflammation, oxidative stress, blood gas disturbances, and sarcopenia ([@ref28]). Inspiratory muscle strength was related to p$\overset{.}{\text{V}}$O~2~ while quadriceps force did not. However, when ventilatory and lung diffusing parameters were included in multivariate model, only FVC remained as independent predictor of p$\overset{.}{\text{V}}$O~2~. The type and severity of ILD patients may explain the discrepancy between the present study and previous reports.

Exertional dyspnea in various lung diseases generally occurs due to an imbalance between ventilatory demand and capacity([@ref3]). In this context, lower space to increase ventilation (i.e. ↓ FVC) and lower maximal inspiratory force to produce the required level of ventilation are potential mechanisms of exercise dyspnea. Notwithstanding, MIP was not independently associated with exercise performance and dyspnea. Short-term incremental exercise to exhaustion did not alter stimulated transdiaphragmatic pressure, probably because of too short exercise duration for the cumulative work history of the diaphragm to reach fatiguing levels ([@ref29], [@ref30]). The role of expiratory muscles in respiratory sensations was described as less important than inspiratory muscles in COPD ([@ref31]), but was less examined in ILD. The higher proportion of more easily fatigable fast-twitch fibers ([@ref32]), in combination with the fact that the expiratory muscles are engaged to a larger extent than inspiratory muscles during dynamic exercise, suggest that the expiratory muscles may be particularly prone to fatigue and contribute to exercise intolerance and dyspnea ([@ref33], [@ref34]). In the present study, similar MEP decline after exercise was observed in both groups. While ΔMEP was not related with exercise capacity (in contrast with previous report) ([@ref14]) or dyspnea, post exercise MEP remained as independent predictor of dyspnea. It could be inferred that, during exercise, abdominal muscles are vigorously contracting to achieve high expiratory flow rate and to facilitate subsequent inspiration, contributing to expiratory muscle fatigue. Greater recruitment of expiratory muscle would result in lower values of MEP post exercise which was related to exercise dyspnea.

To minimize selection bias and at same time recruit our planned sample size, a prospective approach was undertaken in which all-consecutive patients with chronic fibrotic interstitial lung disease followed at our ambulatory clinic were recruited. As a result, the present study includes patients with a variety of histological diagnoses. However, our sample is still relatively small, and do not allow analysis of subgroups according to the ILD etiology. Nevertheless, due to the relatively infrequent nature of such diseases, other recent studies ([@ref35], [@ref36]) included ILD with similar etiological heterogeneity to explore mechanisms of exercise limitation and dyspnea. Significant correlations in transversal analysis do not necessarily imply causal relationships and future studies evaluating the effect of interventions to improve muscle function (e.g. muscle strength or endurance training) on clinical outcomes are recommended. On the other hand, one strength of our study, not previously performed, was include in the main regression analyses expected confounders regarding lung mechanics (FVC) and gas exchange (DL~CO~).

Finally, the validity of effort-dependent muscle force evaluations has been questioned ([@ref37]), mainly because it may be influenced by sub-maximal effort and patient motivation. However, the reproducibility of muscle strength measurements in the present study was good (all CV \<10%) and the likelihood of sub-maximal efforts associated with such a level of reproducibility is low. In addition, our aim was to evaluate muscle strength and fatigue using measurements easily accessible in clinical practice (i.e. maximum voluntary strength).

Conclusion {#sec1-5}
==========

ILD patients exhibited reduced inspiratory and quadriceps strength, but PMA was associated with the later only. Muscle weakness was not associated to exercise capacity while expiratory muscle fatigue might underlie exertional dyspnea.
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